Planck Lensing and Cosmic Infrared Background Cross-Correlation with
  Fermi-LAT: Tracing Dark Matter Signals in the Gamma-Ray Background by Feng, Chang et al.
Planck Lensing and Cosmic Infrared Background Cross-Correlation with Fermi-LAT:
Tracing Dark Matter Signals in the Gamma-Ray Background
Chang Feng∗,1 Asantha Cooray,1 and Brian Keating2
1Department of Physics and Astronomy, University of California, Irvine, CA 92697, USA
2Department of Physics, University of California, San Diego, CA 92093, USA
The extragalactic γ-ray background and its spatial anisotropy could potentially contain a signature
of dark matter (DM) annihilation or particle decay. Astrophysical foregrounds, such as blazars and
star-forming galaxies (SFGs), however, dominate the γ-ray background, precluding an easy detection
of the signal associated with the DM annihilation or decay in the background intensity spectrum.
The DM imprint on the γ-ray background is expected to be correlated with large-scale structure
tracers. In some cases, such a cross-correlation is even expected to have a higher signal-to-noise ratio
than the auto-correlation. One reliable tracer of the DM distribution in the large-scale structure is
lensing of the cosmic microwave background (CMB), and the cosmic infrared background (CIB) is
a reliable tracer of SFGs. We analyze Fermi-LAT data taken over 92 months and study the cross-
correlation with Planck CMB lensing, Planck CIB, and Fermi-γ maps. We put upper limits on the
DM annihilation cross-section from the cross-power spectra with the γ-ray background anisotropies.
The unbiased power spectrum estimation is validated with simulations that include cross-correlated
signals. We also provide a set of systematic tests and show that no significant contaminations are
found for the measurements presented here. Using γ-ray background map from data gathered over
92 months, we find the best constraint on the DM annihilation with a 1σ confidence level upper
limit of 10−25-10−24 cm3 s−1, when the mass of DM particles is between 20 and 100 GeV.
PACS numbers:
I. INTRODUCTION
Dark matter (DM) constitutes 27% of the energy den-
sity of the universe, relative to the critical density [1].
The spatial distribution of DM in the large-scale struc-
ture can be mapped through gravitational distortions,
such as lensing of the Cosmic Microwave Background
(CMB) anisotropies and cosmic shear of galaxy shapes.
DM halos emerged in spots where over-densities reached
maxima and could host baryonic mass that later col-
lapsed and cooled to form galaxies. Radiation coming
out of DM halos spans a wide range of wavelengths in
the electromagnetic spectrum. Inside DM halos, the
dust produced by star formation absorbs ultraviolet radi-
ation from hot, young stars, re-emitting it in the infrared
wavelengths. Astrophysical sources like blazars and star-
forming galaxies (SFGs), which also reside in DM halos,
can emit γ-rays. Moreover, by self-annihilating or de-
caying into other particles, weakly interacting massive
particles (WIMP), which are thought of as the building
block of DM halos, could produce γ-ray radiation as well.
From the experimental side, measurements of all of
these radiation signatures have been made with vari-
ous all-sky or large area surveys. CMB lensing has
been measured from CMB temperature and polarization
anisotropies from both space and ground [2–11]. These
tiny distortions are well-explained by the linear perturba-
tion theory of DM distribution. At Planck’s high frequen-
cies, nonlinear structures are resolved by the cosmic in-
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frared background (CIB) from which the DM halo prop-
erties and star formation history can be understood. The
γ-ray anisotropies are now mapped by the Fermi large
area telescope (LAT). Anisotropies in the background
have been detected, and evidence for extra-galactic γ-ray
background has been claimed since 2012 [12].
It has been proposed that the cross-correlation between
γ-ray and large-scale structure would be a better probe
of the DM signals than the auto correlation because
the cross-correlation can effectively isolate γ-ray contri-
butions from other astrophysical sources [13, 14], while
also suppressing systematic effects. A component de-
composition can be made by comparing models to data,
and DM properties such as mass and cross-section can
be constrained by the γ-ray angular correlation that is
only responsible for DM signals. To date, DM proper-
ties have been constrained from data sets, such as the
2MASS and NVSS galaxy catalogs [15, 16], the weak lens-
ing data from Canada-France-Hawaii Telescope Lensing
Survey (CFHTLenS) [17], and Planck lensing [18]. In
this analysis, we use Planck lensing measurements, CIB
and Fermi-LAT data to constrain the DM cross section
for a variety of different masses.
We organize this paper as follows. In Section II,
we derive all the theoretical power spectra for all the
components based on the halo-model approach. In
Section III, we discuss different data sets. In Section IV,
we describe the data analysis procedure. We conclude in
Section V.
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2II. THEORETICAL POWER SPECTRUM WITH
THE HALO MODEL
We assume a standard Navarro-Frenk-White (NFW)
profile to establish the halo model. The NFW profile is
ρNFW = ρs
( r
rs
)−1(
1 +
r
rs
)−2
, (1)
where ρs = ρc(z)∆c(z)c
3/[3(ln(1 + c) − c/(1 + c))],
∆c(z) = 18pi
2 + 82x− 39x2, x = Ωm(1 + z)3/E2(z)− 1,
E(z) = H(z)/H0, rs is the characteristic radius of the
halo, ρc is the critical density, and c is the concentration
factor.
The halo mass function is [19]
dn
dM
=
ρ¯m(0)
M2
f(ν˜)
dν˜
d lnM
, (2)
where
ν˜f(ν˜) = A
√
2
pi
aν˜2e−
1
2aν˜
2
[1 + (aν˜2)−p], (3)
and A = 0.322, a = 0.707 and p = 0.3. The quan-
tity ν˜ is defined as ν˜ = δsc/σ(M, z). Here, δsc is the
critical density contrast for the collapse and is almost
redshift-independent, ρ¯m is the comoving matter density,
and σ(M, z) is the variance for all the halos with mass
M at redshift z. The concentration factor is determined
from 9/(1+z)(M/M∗)−0.13 [20] and the critical mass M∗
is the solution when ν˜(M∗, z) = 1.
The Fourier transform of the NFW profile ρNFW is
u(k,M, z) =
1
M
∫ rvir
0
dr 4pir2
sin kr
kr
ρNFW, (4)
and the Fourier transform of ρ2NFW is
u˜2(k,M, z) =
1
ρ¯2m
∫ rvir
0
dr 4pir2
sin(kr)
kr
ρ2NFW, (5)
which includes the J factor automatically when k ap-
proaches 0 [21].
To describe halo bias, we make use of the “GIF” model
given in Ref.[22],
b(M, z) = 1 +
aν˜2 − 1
δsc
+
2p
δsc[1 + (aν˜2)p]
. (6)
The profile of a halo with mass M at redshift z that
produces a CMB lensing field (κ = −∇2φ/2) is derived
from the NFW profile. Its Fourier transform is
κ(k,M, z) =
WκM
aρ¯m
u(k,M, z), (7)
where
Wκ(z) =
3Ωm
2
(H0
c0
)2 1
a
χ
(χ∗ − χ
χ∗
)
. (8)
The viral radius rvir is crs, c0 is the speed of light, χ is
the comoving distance, and χ∗ is the comoving distance
at the last scattering surface.
We follow the details of the CIB modeling in
Ref. [23] with parameter set {α, T0, β, γ, sz, σ2L/M} =
{0.36, 24.4, 1.75, 1.7, 3.6, 0.5}. The CIB luminosity func-
tion is given as
L(1+z)ν(M, z) = L0(1 + z)
szΣ(M)Θ[(1 + z)ν]. (9)
We use the mean level of CIB given in Ref. [23] to de-
termine the parameter L0 as Ref. [24] indicates. The
conditional mass distribution adopts a logarithmic form
Σ(M) = M
1√
2piσ2L/M
e
− 12
(
log10M−log10Meff
σL/M
)2
, (10)
and the SED is
Θ(ν) ∝
{
νβBν(Td) ν < ν0
ν−γ ν > ν0 , (11)
where the frequency ν0 is determined by smoothing the
gradient and the dust temperature Td = T0(1 + z)
α. The
effective halo mass is 1012.6M. The occupation number
of the central galaxy is
Ncen =
{
0 M < Mmin
1 M >Mmin , (12)
where the minimum mass is 1010M as used in Ref. [25].
The conditional luminosity functions that determine
the fractional CIB emission from the central and satellite
galaxies are described as
f cenν (M, z) = Ncen
L(1+z)ν(M, z)
4pi
(13)
and
f satν (M, z) =
∫ M
Mmin
dm
dn
dm
L(1+z)ν(m, z)
4pi
, (14)
where dn/dm is the mass function of the sub-halo and is
given in Refs. [26, 27]. The total CIB emissivity is
jν(z) =
∫
dM
dn
dM
(z)[f cenν (M, z) + f
sat
ν (M, z)]. (15)
The emission from DM annihilation traces the squared
density, i.e., ρ2DM which is weighted by
W γ,ann(E,χ;mDM, 〈σν〉) = (Ωmρc)
2
4pi
〈σν〉
2m2DM
(1 + z)3
∆2(χ)
dNann
dE
e−τ(χ,E(χ)).
(16)
3Here, we consider specific DM candidates in order to
constrain 〈σν〉–mDM relation. We begin with bb¯ annihi-
lation channel and consider it as a representative chan-
nel for our case. The DM energy spectrum dNann/dE
for the bb¯ channel is provided by PPPC 4 DM ID (A
Poor Particle Physicist Cookbook for Dark Matter In-
direct Detection) [28]. The γ-ray attenuation function
τ(E, z) is tabulated between 0.01 < z < 9.0 and 1 GeV
< E < 105 GeV [29]. The DM mass mDM and its annihi-
lation cross-section 〈σν〉 are two free parameters in this
analysis. The clumping factor is
∆2(z) =
∫ Mmax
Mmin
dM
dn
dM
∫
d3x
ρ2h(x|M, z)
ρ¯2m
. (17)
Here, ρh is the NFW profile. For our case, we take a
conservative approach and do not include subhalos which
can boost γ-ray emission [30, 31].
Unlike the annihilation, the DM decay signal traces
the DM density ρDM, which is weighted by
W γ,dec(E,χ;mDM,Γd) =
Ωmρc
4pi
Γd
mDM
dNdec
dE
e−τ(χ,E(χ)).
(18)
Here, Γd is the decay time and the energy spectrum of
the decay dNdec/dE(E) = dNann/dE(2E). We set the
minimum halo mass to 10−6M for the DM signals [15].
For Planck lensing, CIB and DM annihilation and de-
cay, the angular correlation functions are determined by
the biased NFW profiles in Fourier space. The equations
for the 1-halo and 2-halo terms are
C1h,XYl =
∫
dz
dχ
dz
( a
χ
)2 ∫
dMn(M, z)
Xl(k,M, z)Yl(k,M, z), (19)
and
C2h,XYl =
∫
dz
dχ
dz
( a
χ
)2
Plin(k, z)[ ∫
dMb(M, z)n(M, z)X˜l(k,M, z)
]
[ ∫
dMb(M, z)n(M, z)Y˜l(k,M, z)
]
, (20)
here Xl(k,M, z) or Yl(k,M, z) = W
κu1(k,M, z)/a
for Planck lensing, W a,CIBν u(k,M, z)/a for Planck
CIB, W γ,ann/∆2u˜2(k,M, z)/a for DM annihilation and
W γ,decu1(k,M, z)/a for DM decay. u1 = M/ρ¯mu.
For X˜l(M, z) or Y˜l(M, z), only Planck CIB takes
a different form, W b,CIBν u(k,M, z)/a. W
a,CIB
ν =√
2f cenν (M, z)f
sat
ν (M, z) + f
sat
ν (M, z)f
sat
ν (M, z) where
W b,CIBν = (f
cen
ν (M, z) + f
sat
ν (M, z)). The linear matter
power spectrum Plin(k, z) is calculated from z = 0 to
8 using CAMB. The function n(M, z) is the halo mass
function defined in Eq. (2).
Astrophysical sources such as blazars, SFGs, flat spec-
trum radio quasars (FSRQs), and misaligned active
galactic nuclei (mAGN), are also significant γ-ray emit-
ters. They are point-like sources, so the NFW profile
does not apply, but the power spectrum can be calcu-
lated from the luminosity function alternatively. In the
following, we model each emitter separately.
For blazars and FSRQs, the γ ray luminosity function
(GLF) is taken from Ref. [32, 33]
Φ(Lγ , z,Γ) = Φ˜(Lγ , z = 0,Γ)× e(Lγ , z), (21)
where
Φ˜(Lγ , z = 0,Γ) =
A
ln(10)Lγ
[(Lγ
L∗
)γ1
+
(Lγ
L∗
)γ2]−1
(22)
and e(Lγ , z) is
e(Lγ , z) =
[( 1 + z
1 + zc(Lγ)
)p1(Lγ)
+
( 1 + z
1 + zc(Lγ)
)p2]−1
.
(23)
Here, zc(Lγ) = z
∗
c (Lγ/10
48)α, p1(Lγ) = p
∗
1 +
τ × [log10(Lγ) − 46]. The second luminosity de-
pendent density evolution function (LDDE2) is taken
from [33] for blazars and the parameter set
{A, γ1, γ2, L∗, z∗c , p∗1, τ, p2, α} is given in Table 3. For FS-
RQs, we use the LDDE parameters in Table 3 in Ref. [34].
The mean luminosity produced by unresolved sources
such as blazars and SFGs can be generally expressed as
gs(z) =
∫ Lγ,max(Fmax,z)
Lγ,min
dLγΦ(Lγ , z)Lγ . (24)
The maximum luminosity is determined by the threshold
flux above which the detector can resolve the sources, and
F = 1×10−10cm−2s−1 for E > E∗ and E∗ = 1 GeV [35].
For a single energy bin, the weighting function of the
point-like sources is
W (E, z) =
As(z)gs(z)
4piE20
( E
E0
)−αs
e−τ(E(1+z),z). (25)
The energy spectrum dN/dE of blazar (FSRQs) is as-
sumed to be a simple power law As(E/E0)
−αs with
αs=2.2 (2.44), As = (1 + z)
−αs , E0 = 100 MeV and the
FSRQ spectra index is calculated from 57 FSRQs [36].
The luminosity and halo mass is related by [37]
M = 1011.3M
( Lγ
1044.7erg/s
)1.7
. (26)
For SFGs, the GLF is
Φ(Lγ , z) =
Φ∗
αΦ ln(10)Lγ
(LIR
L∗
)1−α
e
− 12
[
log10(1+
LIR
L∗ )
σ
]2
.
(27)
The factor αΦ converts the infrared luminosity (IR) to
the γ-ray. The piece-wise GLF is estimated for SFGs so
the parameter set {Φ∗, L∗, α, σ} is determined at each
40 1 2 3 4 5 6 7 8
z
10−9
10−8
10−7
10−6
10−5
10−4
10−3
10−2
W
(z
)/
I
[M
p
c−
1 ]
Blazars
SFGs
mAGN
FSRQs
DM ann
DM dec
100 101 102
E[GeV]
10−12
10−11
10−10
10−9
10−8
10−7
10−6
10−5
10−4
10−3
10−2
E
2
I
[G
eV
cm
−
2
s−
1
sr
−
1
]
Blazars
SFGs
mAGN
FSRQs
DM ann
DM dec
FIG. 1: The representative plots for the redshift windows (left) at the energy band 1-5 GeV for mDM = 100 GeV and the energy
spectra (right).
redshift band in Ref. [38]. We can also calculate the
mean luminosity and weighting function for SFGs using
Eqs. (24, 25). The parameters for SFGs in Eq. (25) are
αs = 2.7 and As = (αs − 2)/(1 + z)2. The choice of such
a spectral index is due to the fact that the interaction
between cosmic-rays and interstellar gas leads to gamma
rays mostly from pion decay in flight and the gamma-ray
spectrum has the same spectral index as the cosmic-ray
spectrum [39]. The IR luminosity required by the SFGs’
GLF should be converted from the γ-ray luminosity first
following the power law
log10
( Lγ
erg/s
)
= αΦ log10
( LIR
1010L
)
+ βΦ, (28)
where αΦ = 1.09 and βΦ = 39.19 [40]. One has to relate
the halo mass to the luminosity by
M = 1012M
( Lγ
1039erg/s
)0.5
, (29)
when the redshift-dependent bias is taken into account.
The GLF of mAGN is derived from the radio GLF at
151 MHz [41]. We convert the γ-ray luminosity Lγ to to-
tal radio luminosity L5GHz using the best-fit Lγ–L
5GHz
core
and L5GHzcore –L
1.4GHz
tot correlation functions fitted from 12
mAGN [42]. We then shift the total luminosity from
L151MHz to L5GHz with a power-law and adopt Model C
with (ΩM = 0) in [41]. The comoving volume is also cor-
rected following the procedure in [42]. The mean spectral
index is averaged from 12 mAGN samples listed in Table
1 of [42] and the parameters for mAGN in Eq. (25) are
αs = 2.37 and As = (αs − 2)/(1 + z)2. A L–M relation
for mAGN is built from a chain of steps. First, the host
galaxy mass M is converted to the black hole mass Mbh
by the best fit correlation function given in [43]. Next,
the radio luminosity is interpolated from a table that
gives black hole mass and radio luminosity properties in
a few galaxies [44], and the γ-ray luminosity is calculated
from the radio luminosity according to the best-fit model
in Ref. [42]. Last, we use the samples to make a line fit to
log10 (M/M) and log10 [Lγ/(erg s
−1)] and derive a L–M
relation for mAGN.
Built on all the individual window functions, the mean
window function and mean intensity are simply inte-
grated over either energy or redshift, such as
W (χ) =
∫ Emax
Emin
dEW (E,χ), (30)
and
I(E) =
∫
dχW (E,χ). (31)
All the energy spectra and window functions shown in
Fig. 1 have different amplitudes and shapes that are
determined by a few parameters and functions, such as
the DM annihilation/decay channel, the photon index
of the astrophysical source, the luminosity range for the
source, the γ-ray luminosity function, and the mass-
luminosity relation. The step-like feature in the DM
annihilation/decay energy spectra is due to the discrete
mass step in the PPPC 4 DM ID data.
For the point-like sources (X or Y= Blazars, SFGs,
FSRQs, mAGN), the power spectra are
C
1h,XX/Y Y
l =
∫
dz
dχ
dz
( a
χ
)2 ∫ Lmax(z)
Lmin(z)
dLΦX(L, z)[W (X)(z)
a
L
〈gX〉
][W (X)(z)
a
L
〈gX〉
]
(32)
and
5Flux 1-5 GeV
0 20
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FIG. 2: The full-sky Fermi flux maps (in unit of
10−6photon cm−2 s−1 sr−1) made from different photon ener-
gies over 92 months. From top to bottom: 1-5 GeV, 5-22
GeV, 22-100 GeV.
C2h,XYl =
∫
dz
dχ
dz
( a
χ
)2
Plin(k, z)[ ∫ Lmax(z)
Lmin(z)
dLΦX(L, z)b(L(m), z)
W (X)(z)
a
L
〈gX〉
]
[ ∫ Lmax(z)
Lmin(z)
dLΦY (L, z)b(L(m), z)
W (Y )(z)
a
L
〈gY 〉
]
.
(33)
The 1-halo term C1h,XYl (X 6= Y ) is negligibly small
because we assume they are both point-like sources, and
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FIG. 3: The beam transfer functions for the Fermi-LAT data
at energy bands 1-5 GeV, 5-22 GeV and 22-100 GeV.
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Fermi-LAT
0 1
FIG. 4: Masks applied to Planck (top) and Fermi-LAT (bot-
tom) data.
it is Poisson noise, which is independent of spatial clus-
tering.
The point-like sources should also trace the underly-
ing DM distribution; thus, the correlation between the
matter distribution and the point-like sources is non-
vanishing. Their angular correlation can be estimated
6from the two categories discussed above and expressed
as
C1h,XYl =
∫
dz
dχ
dz
( a
χ
)2 ∫ Lmax(z)
Lmin(z)
dLΦY (L, z)
Xl(k,M(L), z)
[W (Y )(z)
a
L
〈gY 〉
]
(34)
and
C2h,XYl =
∫
dz
dχ
dz
( a
χ
)2
Plin(k, z)
[ ∫
dMb(M, z)n(M, z)
X˜l(k,M, z)
][ ∫ Lmax(z)
Lmin(z)
dLΦY (L, z)b(L(m), z)
W (Y )(z)
a
L
〈gY 〉
]
. (35)
In these equations, X={lensing, CIB, DM annihi-
lation, DM decay} and Y={Blazars, SFGs, FSRQs,
mAGN}. In our analysis, we will focus on this type of
cross-correlation.
The auto-power spectra for all the species are shown
in Fig. 5. It is easy to find that they are dominated by
the astrophysical components at different energy levels.
Thus, it is difficult to detect the DM signals directly from
the auto correlations. However, the cross-correlation
with large scale structure (LSS) tracers can significantly
boost the DM signals as Figs. (6, 7, 8) indicate. A
benchmark particle physics model with mDM = 100 GeV,
〈σν〉 = 3×10−26cm3 s−1 and Γd = 1/(6×1027) s−1 is used
to make these plots [16].
III. DATA SETS
We use the Planck lensing map derived from its tem-
perature to trace the DM distribution. We only use 857
GHz data because the CIB is the strongest at this fre-
quency. A Gaussian beam for 857 GHz is assumed and
the full-width-at-half-maximum (FWHM) is 4′.63.
The γ-ray data are taken from the Fermi-LAT satel-
lite’s 92-month observations from 2008 August to 2016
April. The weekly photon data are processed by the
science tools v10r0p5 provided by the Fermi-LAT col-
laboration1. We split the γ-ray data into three en-
ergy bins which are uniform in log space: 1-5 GeV, 5-
22 GeV and 22-100 GeV. The photon counts and cov-
erage maps made separately by the science tools are
repixelized by HEALPix2 at resolution nside = 512.
To reduce the background and filter out poorly recon-
structed events, we use the Pass7-reprocessed instrument
response functions for the ULTRACLEAN event class
1 http://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
2 http://healpix.sourceforge.net
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FIG. 5: The theoretical auto-power spectra of the γ-ray
anisotropies. The γ-ray anisotropy is mainly dominated by
Blazars.
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FIG. 6: The DM signals that are probed in this cross-
correlation analysis. (Top) The predicted cross-correlation
between Planck lensing and the γ-ray. (Bottom) The pre-
dicted cross-correlation between Planck CIB and the γ-ray.
P7REP ULTRACLEAN V15 and the step size cos(θ) =
0.025 for the exposure. The flux map is finally generated
from the ratio of the photon counts to coverage map. We
split the photon count data into two halves and made the
flux maps at three energy bands for them. In Fig.2, the
flux maps for all the 92 months are shown.
For the sanity check of our γ-ray map-maker, we ap-
plied it to 22 months of data and made maps within the
energy bands discussed in Ref.[12]. The exposure map
is made with the good time intervals, gtis, which are
recorded in the event files and updated by the science
tool gtmktime. The choice of a rocking angle negligibly
changes the maps, so we use the default value of the sci-
ence tool gtbin. We chose 1FGL point source catalog and
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FIG. 7: The DM signals that are probed in this cross-
correlation analysis. (Top) The predicted cross-correlation
between Planck lensing and the γ-ray. (Bottom) The pre-
dicted cross-correlation between Planck CIB and the γ-ray.
masked 2◦ circle as in Ref.[12]. The resulting fluxes and
raw auto-power spectra from our maps agree with the
22-month analysis.
The Fermi-LAT point spread function (PSF) can be
approximated by a Gaussian beam at l < 500 but quickly
deviates from Gaussian beyond that, and the resulting
PSF is dependent on the energy bands. To get the correct
PSF, the γ-ray PSF ξPSF(E, θ) is modeled at any energy
E and inclination angle θ by functional forms. We take
the parameters provided by the Fermi collaboration to
build the energy-dependent PSF [45]. The γ-ray beam
transfer function from energy E1 to E2 is averaged from
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FIG. 8: The DM signals that are probed in this cross-
correlation analysis. (Top) The predicted cross-correlation
between Planck lensing and the γ-ray. (Bottom) The pre-
dicted cross-correlation between Planck CIB and the γ-ray.
each PSF, i.e.,
Wl(E1 < E < E2) ∼
∫ E2
E1
dEWl(E)
dN
dE
, (36)
where Wl(E) is the Legendre transform of the PSF profile
at energy E. Specifically, it is
Wl(E) = 2pi
∫ +1
−1
d cos(θ)Pl(cos(θ))ξPSF(θ,E). (37)
and dN/dE ∼ E−2.4 [12]. The beam transfer functions
used in this analysis are shown in Fig.3.
We use the mask released by the Planck lensing prod-
ucts to mask point sources and galactic plane. For the
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FIG. 9: The cross-power spectrum spectrum recovered from
correlated simulations.
γ-ray data, we first remove the bright Galactic emis-
sion within the latitude |b| < 30◦. We then identify the
point sources from the Three-year Point Source Cata-
log (3FGL) and remove them with a disk of 1.5◦ angu-
lar radius. The sharp edges in the γ-ray mask are also
apodized with a cos-like taper. Both masks are shown in
Fig.4.
The power spectrum defined as
CXYl =
1
2l + 1
∑
m
〈aXlma∗Ylm 〉 (38)
with maps X and Y , can be easily calculated from the
standard MASTER method [46], i.e.,
C˜XYl =
∑
l′
Mll′b
2,XY
l′ C
XY
l′ +N
XY
l . (39)
Here, X and Y refer to Planck lensing φ(n), Planck CIB
T (n) and γ-ray maps γ(n). The hybrid beam trans-
fer function is formed through bXYl =
√
bXl b
Y
l . We
made all the beam transfer functions for CIB and γ-ray
maps. We also calculated the exact mode-coupling ma-
trix Mll′ using simulations and validated that it can be
well-approximated by a simple fsky scaling. For the cross-
correlations, the noise bias NXYl is negligible.
To test if there is any bias in the cross-power spec-
trum estimation, we use Cholesky decomposition of the
covariance matrix between lensing and γ-ray to make cor-
related simulations. We then feed all of these simulations
into the pipeline, which incorporates different masks and
beam transfer functions, and estimate the power spectra.
We find that the averaged power spectra from 200 realiza-
tions agree with the theory as shown by Fig.9. Also the
statistical uncertainties for all the bands calculated from
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FIG. 10: The measured cross-correlation power spectra from
Planck lensing, Planck CIB and Fermi-LAT γ-ray maps at 1-5
GeV.
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FIG. 11: The measured cross-correlation power spectra from
Planck lensing, Planck CIB and Fermi-LAT γ-ray maps at
5-22 GeV.
these simulations agree with the Knox-formula predica-
tion and the overall difference between them is less than
5%.
IV. DATA ANALYSIS
For Planck lensing, CIB, and Fermi-LAT γ-ray maps,
we consider different components
φ˜(n) = Aφφ(n) + nφ(n),
T˜ (n) = ACIBTCIB(n) +AdustT dust(n),
γ˜(n) = ADM,annγDM,ann(n) +ADM,decγDM,dec(n)
+ ASFGγSFG(n) +ABlazarγBlazar(n)
+ AFSRQγFSRQ(n) +AmAGNγmAGN(n)
+ nγ(n). (40)
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FIG. 12: The measured cross-correlation power spectra from
Planck lensing, Planck CIB and Fermi-LAT γ-ray maps at
22-100 GeV.
Here, X˜ means it is the observed map and n(n) is the
noise contribution.
From the raw power spectra of CIB and γ-ray
maps, the dust contribution is seen from the first
three bins. In principle, one could devise a template
in map space, such as the thermal dust template
(“COM CompMap dust-commrul 2048 R”) for Planck
CIB and the diffuse galactic emission (“gll iem v06”)
from Fermi-LAT, then subtract it from the map.
To simplify the discussion, we instead equivalently
introduce a power spectrum template to capture
this contribution, which is only significant for the
CIB-γ correlation. The template is simply chosen
as a power law, i.e., Cl = Al
−n. Our goal is to
marginalize over this component and estimate the
remaining DM signals. Our parameter set is defined as
{Aφ, ACIB,mDM, 〈σv〉,Γd, ASFG, ABlazar, AFSRQ, AmAGN,
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FIG. 13: The measured cross-correlation power spectra from
Planck lensing, Planck CIB and Fermi-LAT γ-ray jackknife
maps at 1-5 GeV.
A,n}.
From Ref. [12], it argues that the low multipoles are
contaminated by the large-scale-features-introduced sig-
nals in the data. Also, the Planck CIB auto correlation
is highly dominated by the dust from large to moderate
angular scales. Therefore, we do not include the Planck
CIB and γ-ray auto-power spectra in our model fitting,
and only focus on the cross-correlations which are less
affected by systematic effects. The χ2 is thus defined as
χ2(P) =
∑
XY={κκ,κT,κγ,Tγ}∑
bb′
(C˜XYb − CˆXYb )C−1bb′ (C˜XYb′ − CˆXYb′ ).
(41)
The covariance matrix can be approximated by Cbb′ =
11
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FIG. 14: The measured cross-correlation power spectra from
Planck lensing, Planck CIB and Fermi-LAT γ-ray jackknife
maps at 5-22 GeV.
(∆CXYb )
2δbb′ and b is the index of the band power Cˆb
which is combination of the power spectra Cκκl , C
κCIB
l ,
CκDM,annl , C
κDM,dec
l , C
κSFGs
l , C
κBlazars
l , C
CIB-DM,ann
l ,
CCIB-DM,decl , C
CIB-SFGs
l , C
CIB-Blazars
l , etc.
The cosmological parameters we use are {As, ns, kpivot,
H0, Ωb, Ωc}={2.1 × 10−9,0.96,0.05,70,0.0461,0.222857}.
The power spectrum with DM signals, i.e., CκDM,annl ,
CκDM,decl , C
CIB-DM,ann
l , and C
CIB-DM,dec
l , are interpo-
lated from templates for any given mass mDM. The Lmin
for Blazars, SFGs, FSRQs and mAGN are 7×1042, 1042,
4× 1043, and 1041 erg s−1.
The error bars ∆CXYb of the power spectra are given
by the Knox formula
(∆CXYb )
2 =
1
(2l + 1)∆bfsky
[C˜Xb C˜
Y
b + (C˜
XY
b )
2].(42)
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FIG. 15: The measured cross-correlation power spectra from
Planck lensing, Planck CIB and Fermi-LAT γ-ray jackknife
maps at 22-100 GeV.
Here, C˜ is the raw power spectrum with noise, and it au-
tomatically reduces to the error bars for the auto-power
spectrum when X = Y . The error bars calculated from
MCMC simulations agree with this analytical calcula-
tion.
We show all the measured power spectra in Figs.
(10,11,12), as well as the best-fit components. We split
the photon event data into two halves and make two sets
of flux maps. The jackknife maps for the γ-ray are cross-
correlated with Planck lensing and CIB and the results
are shown in Figs. (13,14,15). All of these results indi-
cate that there are no significant systematic issues. We
use MCMC procedure to sample O(107) parameter sets
from the likelihood function Eq. (41). We make two-
dimensional posterior distribution functions for param-
eter pair mDM–〈σv〉 from these samples and calculate
∆χ2(P) to determine the confidence contours. The 1σ
12
contours for mDM–〈σv〉 combination at different energy
bands are calculated from this procedure and we show
the upper bands on the DM annihilation cross-section in
Fig. 16.
The comparison between our results and previous lim-
its is made in Fig.16 where the DM properties are
constrained by different data sets, such as the weak
lensing [17], the radio galaxy NVSS [16], the lat-
est CMB measurements (WMAP9+Planck+ACT+SPT)
with BAO+HST+SN [47], Fermi-LAT 4 year isotropic
γ-background [48], the Galactic Center [49], the dwarf
spheroidal satellite galaxies (dSphs) of the Milky
Way [50], and the satellite galaxy Segue 1 [51]. Our
limits are complementary and comparable to those with
similar approaches; moreover, this is the first time the
CIB fluctuation is cross-correlated with anisotropic γ-ray
background. The overall signal-to-noise ratio is moder-
ately improved because fluctuations span slightly differ-
ent redshift ranges and the theoretical uncertainty intro-
duced by the modeling of astrophysical γ-ray emitters
is so large that the DM constraint is weakened. How-
ever, our approach is important for the understanding of
the γ-ray composition and would be potentially enhanced
with more data coming from either Fermi-LAT satellite
or other LSS tracers.
V. CONCLUSIONS
We use all the 92-month weekly photon data from
Fermi-LAT to make count and exposure maps at differ-
ent energy bands. The data are split into two halves and
the jackknife maps of the γ-ray are cross-correlated with
Planck lensing and CIB. No significant systematic effects
are found. We further measure the cross-power spec-
tra between Planck lensing, CIB and Fermi-LAT γ-ray
maps at energy bands 1-5, 5-22 and 22-100 GeV. Based
on halo-model approach, the composition of the γ-ray
background is studied. The contributions of different γ-
ray emitters, such as DM annihilation, DM decay, SFGs,
Blazars, FSRQs and mAGN are estimated from the mea-
surements. We finally place the upper bounds on the
DM annihilation cross-section with respect to the masses
from the γ-ray signals, with the astrophysical sources ex-
cluded.
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